MicroRNAs (miRNAs) are potent negative regulators of gene expression that have been implicated in most major cellular processes. Despite rapid advances in our understanding of miRNA biogenesis and mechanism, many fundamental questions still remain regarding miRNA function and their influence on cell cycle control. Considering recent reports on the impact of cell-to-cell fluctuations in gene expression on phenotypic diversity, it is likely that looking at the average miRNA expression of cell populations could result in the loss of important information connecting miRNA expression and cell function. Currently, however, there are no efficient techniques to quantify miRNA expression at the single-cell level. Here, a method is described for the detection of individual miRNA molecules in cancer cells using fluorescence in situ hybridization. The method combines the unique recognition properties of locked nucleic acid probes with enzyme-labeled fluorescence. Using this approach, individual miRNAs are identified as bright, photostable fluorescent spots. In this study, miR-15a was quantified in MDA-MB-231 and HeLa cells, while miR-155 was quantified in MCF-7 cells. The dynamic range was found to span over three orders of magnitude and the average miRNA copy number per cell was within 17.5% of measurements acquired by quantitative RT-PCR.
INTRODUCTION
MicroRNAs (miRNAs) are an abundant class of short noncoding RNAs, $18-25 nt in length, that act as potent negative regulators of gene expression. To date, there have been over 600 miRNAs identified in humans (http://www.sanger.ac.uk/Software/Rfam/mirna/) (1) and they are predicted to influence the regulation of over onethird of all human genes (2) . MicroRNAs have been implicated in most major cellular processes including proliferation, apoptosis, developmental timing, hematopoiesis and organogenesis (3) . Therefore, it is not surprising that miRNAs have also already been linked to a number of diseases such as cancer (4) (5) (6) (7) (8) (9) (10) , neurological diseases (11) , viral diseases (12) and metabolic diseases (13) . In general, microRNAs function as post-transcriptional regulators of gene expression by either triggering mRNA cleavage or repressing translation (14) ; however, evidence that miRNAs direct the localization of mRNAs to P-bodies introduces a third possibility, the sequestration of mRNA from translational machinery (15) .
Despite the rapid advances in our understanding of miRNA biogenesis and mechanism, many fundamental questions still remain regarding miRNA function and their influence on central signaling pathways and cell cycle control. Considering recent reports on the complex stochastic nature of gene expression in mammalian cells and the impact of these fluctuations on phenotypic diversity, it is likely that looking at the average miRNA expression of cell populations could result in the loss of important information connecting miRNA expression and cell function. Therefore, it is predicted that insight into the physiologic function of miRNA will require miRNA abundance to be quantified at the single-cell level.
Currently, numerous technique are available for studying miRNA expression levels, including northern blot, microarrays, RNA-primed array-based Klenow enzyme assay (RAKE) and mirVana miRNA labeling and detection kits (Ambion). At least one assay that has been reported in the literature even exhibits single molecule sensitivity (16) ; however, in general, these techniques all require the lysis of a population of cells and thus do not allow cell-to-cell variations in miRNA expression to be elucidated. Microdissection techniques could potentially be combined with the aforementioned miRNA detection strategies, or single-cell PCR could be used to allow for single-cell analysis; however, these methods are inefficient, laborious and often result in poor sample quality and erroneous conclusions. An alternative option is to perform fluorescence in situ hybridization (FISH) . With the recent introduction of locked nucleic acid (LNA) oligonucleotides as hybridization probes, miRNA-FISH has become a powerful technique for imaging the spatial localization of miRNA at the tissue, cellular and even subcellular level (17) (18) (19) (20) (21) . LNA probes exhibit a remarkable affinity and specificity against RNA targets, allowing for the discrimination of even single-base mismatches (22) (23) (24) (25) . Unfortunately, miRNA-FISH generally cannot be used to provide accurate quantitative measures of miRNA expression, but rather is typically limited to providing a qualitative assessment of miRNA localization patterns and tissue distribution.
Recently, several quantitative FISH strategies have been developed that allow single messenger RNA (mRNA) to be visualized. Specifically, target mRNA transcripts are hybridized with a small number of heavily labeled probes (e.g. five oligonucleotide probes, each labeled with five fluorophores) or a larger number of singly labeled probes (e.g. 96 oligonucleotide probes) (26) (27) (28) . The large number of fluorescent labels generates a bright fluorescent spot that indicates the location of each mRNA. These bright spots can then be counted to determine the number of mRNA transcripts in single cells. Unfortunately, it is not possible to extend this approach to miRNA, since their short length cannot accommodate the hybridization of more than one to two probes.
Here, we describe an alternative quantitative FISH approach that does allow individual miRNAs to be visualized within single cells. Our strategy combines LNAbased FISH with enzyme-labeled fluorescence (ELF) signal amplification (29) . ELF is a process whereby cleavage of a pro-luminescent substrate by phosphatase yields a brilliant, yellow-green fluorescent product at the site of enzymatic activity. The ELF precipitate is not only photostable compared to commonly used fluorophores, but also results in labeling that is up to 40 times brighter than signals achieved with probes directly labeled with fluorophores (29) . To validate the specificity of our methodology we performed mRNA-FISH using both multiple-labeled probes and our LNA-ELF system simultaneously. As expected, these two approaches exhibited a high degree of correlation. Subsequently, we tested our ability to use the LNA-ELF approach to visualize individual miRNAs in single cells. Various cell lines with a wide range of target miRNA expression were studied to establish sensitivity and dynamic range. Results were compared with quantitative RT-PCR to assess accuracy.
MATERIALS AND METHODS

Plasmid construction
A plasmid containing the Firefly luciferase open reading frame followed by 24 MS2 binding sites was constructed using standard cloning techniques. Specifically, the Luciferase coding sequence was amplified from pGL3 basic (Promega) by PCR using the following primers, forward: 5 0 -GATCAAGCTTATGGAAGACGCC AAAAACATAAAG-3 0 and reverse: 5 0 GATCGGATCC TTACACGGCGATCTTTCCGCCCTTCTT-3 0 . The underlined regions correspond to HindIII and BamHI restriction sites, which were to introduce the PCR product into the host vector, pcDNA 3.1(+) (Invitrogen, Carlsbad, California, United States). The 24 MS binding sequence was cut from plasmid pSL MS2 24 (a generous gift from Dr. Robert Singer's lab, Albert Einstein College of Medicine) with the restriction enzymes BamHI and XhoI and ligated into the pcDNA-luciferase construct. The new plasmid, pcDNA-Luc-MS2-24, was amplified in stbl2 cells (Invitrogen) and purified using the Qiagen Maxiprep system. The sequence of the final plasmid was confirmed by DNA sequencing.
Cell culture
Human cervical carcinoma HeLa cells and human breast cancer MCF-7 cells (ATCC) were cultured in Dulbecco's MEM (DMEM, high glucose, with L-glutamine and phenol red) supplied with 0.1 mM nonessential amino acids (NEAA) and 10% fetal bovine serum (FBS). MDA-MB-231 human breast cancer cells (ATCC) were cultured in L-15 medium supplied with 2 mM glutamine and 15% FBS. HeLa and MCF-7 cells were maintained at 378C with 5% CO 2 and MDA-MB-231 cells were maintained at 378C with 0% CO 2 .
Creation of stable cell lines
HeLa cells were plated in 24-well plates at a density of 8 Â 10 4 cells in antibiotics-free medium. After 24 h ($90-95% confluency), the cells were transfected with pcDNA-Luc-MS2-24 using Lipofectamine 2000 (Invitrogen). Specifically, 0.8 mg of plasmid DNA was diluted into 50 ml of OPTI-MEM I Reduced Serum medium. Lipofectamine 2000 reagent (1.5 ml) was also diluted into 50 ml OPTI-MEM medium and both samples were incubated for 5 min at room temperature. The diluted lipofectamine was then combined with the plasmid and the mixture was incubated at room temperature for 20 min to allow DNA-Lipofectamine complexes to form. Immediately before adding the DNA-Lipofectamine complexes to the cells, the growth medium on the HeLa cells was replaced with 250 ml of medium without serum. Cells were incubated at 378C in a humidified 5% CO 2 atmosphere. After 24 h, the cells were passaged at a 1:8 ratio into fresh growth medium containing 750 mg/ml G418 selection agent. Single colonies were picked after 3-4 days. Positive colonies were maintained in 200 mg/ml G418 under normal growth conditions, as described above. All stable cells were screened for luciferase activity using One Step Luciferase Assay kit for detection of firefly luciferase (Promega) according to the manufacturer's instructions. Furthermore, mRNA levels were determined via quantitative reverse transcriptional (RT)-PCR as described below. Denhardt's solution, 0.5 mg/ml Escherichia coli tRNA and 0.5 mg/ml RVC) for 2 h at 608C. The optimal level of formamide used during hybridization and washing for maximal signal-to-background was empirically determined to be 25%. After three stringent washes in 4Â SSC, 2Â SSC and 1Â SSC, the cells were incubated in prehybridization buffer again and probed with the MS2 probe at a concentration of 50 nM at 378C overnight. After three stringent washes, as described above, the cell samples were subject to ELF using the ELF 97 mRNA In Situ Hybridization Kit (Molecular Probes, Inc, Eugene, OR, USA), according to the manufacturer's instructions. Briefly, the cells were incubated in blocking buffer from the ELF 97 mRNA In Situ Hybridization Kit for 1 h at room temperature. Then, 2 mg/ml anti-DIG antibody (Jackson ImmunoResearch) in blocking buffer was added to the cells and incubated at room temperature for 1 h. After three washes in 1Â wash buffer, signals were amplified in ELF 97 phosphatase substrate working solution for 10-15 min. For signal preservation, the cell samples were quickly washed with 1Â wash buffer and postfixed by incubating the slides in post-fixation solution (2% formaldehyde, 20 mg/ml BSA in 1Â PBS) for 30 min at room temperature. The slides were then counterstained in 1 mg/ ml Hoechst 33342 and mounted in mounting solution. Control experiments were conducted using the identical procedure as described above except only a single hybridization step was performed, either with the LNA probes (i.e. LNA-ELF-FISH) or with the MS2 probes (multiple probe FISH). ELF was also only performed as deemed necessary.
FISH probes
LNA-ELF-FISH with EDC treatment
After the cells had been fixed in 4% paraformaldehyde for 30 min at room temperature and permeabilized in 70% ethanol at 48C overnight, cells were rehydrated and washed three times with 1Â PBS. To remove residual phosphate from the PBS washes, slides were incubated twice for 10 min in a freshly prepared solution containing 0.13 M 1-methylimidazole, 300 mM NaCl, pH 8.0 adjusted with HCl. Then 0.16M l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma) was added to the cells and incubated for 1 h at 258C. The slides were washed in 0.2% (w/v) glycine/TBS and then washed twice in TBS for prehybridization. Subsequent LNA hybridization and ELF signal amplifications steps were carried out as described above.
Conventional LNA-FISH
Conventional LNA-FISH (i.e. no ELF signal amplification) was conducted similar to the procedure described above. However, after incubating the cells in the blocking buffer at room temperature for 1 h, 2 mg/ml anti-DIG antibody (Jackson ImmunoResearch) in blocking buffer was added to the cells and incubated in the cold room overnight. After three washes in 1Â wash buffer, Texas redlabeled secondary antibody was added and incubated at room temperature for 3 h. The slides were then counterstained in 0.1 mg/ml DAPI (Invitrogen) and mounted in mounting solution.
An analogous experiment was conducted using 2 mg/ml Cy5-labeled anti-DIG antibody (Jackson ImmunoResearch) as the primary antibody and 0.02 mM Qdot Õ 565 goat F(ab 0 ) 2 antimouse IgG conjugate (H+L) as the secondary antibody (Invitrogen).
Image acquisition and analysis
Following in situ hybridization, cells were imaged using an Olympus IX81 motorized inverted fluorescence microscope equipped with a back-illuminated EMCCD camera (Andor), an X-cite 120 excitation source (EXFO) and Sutter excitation and filter wheels. A UPLN 60Â oilimmersion objective, N.A. 0.9, was used for all imaging experiments. IPLab acquisition software was used to acquire the 2D and 3D images. Briefly, after randomly selecting cells in a field, a 3D stack viewed image was taken with 0.3 mm increments in the z-direction and a total of 35 sections. After 3D deconvolution of the images in IPLab using AutoQuant plug-in software, a 2D image was constructed in IPLab using a maximumintensity merged image. Images were then opened in ImageJ and processed using the following commands: (I) Process -> Sharpen, (II) Image -> type -> 8-bit and (III) Process -> binary -> make binary. The total number of isolated signals was then counted in ImageJ using the particle analysis counter program (Analyze -> analyze particles).
To evaluate the co-localization between ELF signals and the signal elicited by the binding of multiple Cy3 labeled probes to the same target, images of Cy3 fluorescence and the ELF signal were acquired using IPLab. Only 2D images of the focal plane were acquired due to the rapid photobleaching of Cy3. All 2D images were deconvolved in IPLab using AutoQuant plug-in software. Images were then processed in ImageJ as described above. After overlapping the corresponding Cy3 and ELF images, the number of col-ocalized and nonco-localized signals was then counted manually.
Quantitative RT-PCR of mRNA
Stable HeLa cell lines expressing Luc-MS2 were analyzed using a TaqMan gene expression Assay (Applied Biosystems, Foster City, CA, USA) under conditions defined by the supplier. Luc-MS2 DNA standards were cut from the plasmid pcDNA Luc-MS2 24 with restriction enzymes BamHI/XhoI. After gel purification, Luc-MS2 24 DNA concentration was measured and calculated. After serial dilution, Luc-MS2 was used as a DNA standard for the real time PCR. Total mRNA was isolated from 10 6 cells using the mirVana miRNA Isolation Kit (Ambion Inc., Austin, TX, USA) according to the manufacturer's instructions. Total mRNA was then reverse-transcribed by using Superscript First-Strand Synthesis Kit for RT-PCR (Invitrogen) according to supplier's instruction. cDNA was quantified by real-time PCR on the ABI Prism 7300 Sequence Detection System (Applied Biosystems). Each sample was run in triplicates and each PCR experiment included three non-template control wells. Each cDNA generated was amplified by quantitative PCR by using sequence-specific primers and probe designed by the supplier (Applied Biosystems). The 20-ml PCR included 10 ml of 2Â TaqMan Fast Universal PCR Master Mix (No AmpErase UNG), 1 ml of each 20Â TaqMan Gene Expression Assay Mix, 0.2 ml 1U/ml SuperTaq(Ambion) and 2 ml of reverse transcription (RT) product. The reactions were run in a fast mode as follows: 958C for 20 s, followed by 40 cycles of 958C for 1 s and 608C for 20 s.
Quantitative RT-PCR of miRNA
Total RNA was isolated from 10 6 cells using the mirVana miRNA Isolation Kit (Ambion Inc., Austin, TX, USA) according to the manufacturer's instructions. RNA concentrations were determined using a Cary100 UV-Vis spectrophotometer (Varian). Reverse transcription was performed on 0.5 mg total RNA samples using mirVana qRT-PCR miRNA detection kit (Ambion Inc) as suggested in the manual-2 mj mirVana 5Â RT Buffer, 1 ml 1 Â mirVana RT Primer, 25 ng RNA in 1-ml Nucleasefree Water, 0.4 ml ArrayScript Enzyme Mix, and enough nuclease-free water to bring the final volume up to 10 ml. Samples were incubated for 30 min at 378C and then for 10 min at 958C.
Subsequently, real-time PCR was performed according to the manufacturer's instructions. RNA oligonucleotides with the same sequence as endogenous miRNA (miRNA15a and miR-155) were ordered from Integrated DNA Technologies and used as standards for miRNA quantification. 1Â SYBR Green I (10 000Â in stock; Molecular Probes) was added to the miRNA detection kit Master mix for each miRNA sample including the standards for real-time quantification. 50Â ROX was also added, as an internal control. Following denaturation at 958C for 3 min, 35 cycles of PCR were performed using the following protocol: 958C for 15 s, 608C for 30 s. All PCR experiments were performed on an ABI Prism 7300 Sequence Detection System (Applied Biosystems).
RESULTS
Detection of individual mRNA transcripts using multiple-labeled probes and LNA-ELF-FISH simultaneously
Recently, it was reported that individual mRNA transcripts could be detected in situ by hybridizing target mRNA with multiple oligonucleotide probes with one or more fluorescent labels (26) (27) (28) . The high local concentration of fluorescent labels associated with each mRNA transcript creates a bright fluorescent spot that can be readily visualized by fluorescence microscopy. In this study, we used this multiple-probe approach (MP-FISH) to confirm that individual RNA transcripts could also be detected with single LNA probes, when combined with ELF (LNA-ELF-FISH). Specifically, human cervical carcinoma HeLa cells were engineered to constitutively express luciferase mRNA with 24 MS2 binding sites in the 3 0 -untranslated region. To obtain single molecule sensitivity using MP-FISH, we hybridized each MS2 binding site with a complementary oligonucleotide probe labeled at its 5 0 and 3 0 -ends with a Cy3 fluorescent dye. Therefore, collectively there were 48 Cy3 dyes per mRNA transcript. Simultaneously, the luciferase mRNA transcripts were also hybridized with digoxigenin (dig)-labeled LNA probes within $100 bp of the first MS2 repeat. The LNA probes were subsequently labeled with anti-digalkaline phosphatase conjugates and ELF signal amplification was performed.
As shown in the top panel of Figure 1 , the bright fluorescent spots in the Cy3 image and the ELF image are highly co-localized. The signal elicited by the hybridization of multiple probes to the target RNA was generally not as bright as the ELF signal, particularly in the perinuclear region of most cells, but signal intensity could be improved with the use of more hybridization probes (28) . To confirm that the signals in the ELF image did not arise from spectral bleed-through of Cy3 fluorescence into the ELF channel and vice versa, MP FISH and LNA-ELF-FISH were also conducted on separate cell samples ( Figure 1 , middle and lower panels). No spectral bleedthrough was observed in these experiments. Interestingly, the Cy3 signals appeared brighter when MP-FISH was performed independently of LNA-ELF-FISH.
To assess the specificity of LNA-ELF-FISH, the total number of RNAs (i.e. distinct fluorescent spots) within single cells were counted for 72 cells in both the Cy3 and ELF images. Graphical analysis indicated a linear correlation between the two methods with a slope of 1.05 and R 2 value of 0.83 ( Figure 2 ). Both methods were also in close agreement with quantitative RT-PCR data. Specifically, the average RNA copy number per cell as determined by quantitative RT-PCR was 168 AE 15.2, whereas the average RNA copy number per cells as determined by LNA-ELF-FISH and MP-FISH was 126.6 AE 10.7 (SE) and 118.8 AE 9.6 (SE), respectively. (Table 1) .
Visualization and quantification of miRNA using LNA-ELF-FISH
To investigate whether LNA-ELF-FISH could be extended to the study of individual miRNAs in single cells and to explore the dynamic range of this approach, MDA-MB-231 human breast cancer cells and HeLa cells were stained with a probe for miR-15a. In addition, MCF-7 human breast cancer cells were stained with a probe for miR-155. Fluorescent images revealed that individual bright fluorescent spots, which presumably correspond to individual miRNAs, were dispersed relatively uniformly throughout the cytoplasm of the cells, with a smaller number of miRNA generally localized in the nucleus (Figure 3) . Surprisingly absent from the fluorescent images was any clear indication of P-bodies (15). It is not clear whether this was due to an inability to bind and/or detect multiple miRNA within a single P-body, the absence of these specific miRNAs from P-bodies, or another cause.
Quantification of the individual bright fluorescent spots in single cells revealed that LNA-ELF-FISH could be used to directly quantify anywhere from 0 to $1000 copies of miRNA per cell (Figure 3) . Therefore, the dynamic range spans over three orders of magnitude. Once the number of miRNAs exceeded $1000 copies, it became increasingly difficult to discern individual fluorescent spots and at very high miRNA copy numbers (>3000), the entire cell would exhibit a nearly uniform fluorescent signal. Nonetheless, an estimate of miRNA copy number could still be obtained in these highly fluorescent cells by first drawing a linear correlation between miRNA copy number and total cellular fluorescence in cells where individual miRNA could be discerned. The equation describing this correlation could then be used to calculate the copy numbers in cells with high miRNA expression based on their total fluorescence intensity.
Histograms showing the per cell distribution of miR-15 in MDA-MB-231 and HeLa cells and miR-155 in MCF-7 cells are provided in Figure 4 . The respective correlations between total cellular fluorescence and number of miRNA molecules per cell are also shown. Interestingly, a very large variation in the number of miRNAs per cell was observed. Further, for each cell line the distribution appeared to be slightly skewed with a small number of cells exhibiting miRNA copy numbers that were much higher than the mean. Similar observations have been reported for mRNA expression (27) . This provides preliminary evidence that miRNAs may also be synthesized in short intense bursts of transcription; however, the increased stability of miRNA likely buffers the fluctuation in copy number compared with mRNA.
The accuracy of LNA-ELF-FISH was assessed by comparing the mean number of miRNA copies per cell with values obtained by quantitative RT-PCR (Table 2) . Assuming quantitative RT-PCR provided the true miRNA copy number per cell, the efficiency of detection with LNA-ELF-FISH was 101.4% for miR-15 in HeLa cells, 82.5% for miR-15 in MDA-MB-231 cells and 108.1% for miR-155 in MCF-7 cells. The close agreement between these two methods suggests that LNA-ELF-FISH can be used to provide accurate quantitative measures of miRNA expression. Of course, LNA-ELF-FISH has the additional advantages of being able to provide information on miRNA localization as well as information on the stochastic distribution of miRNA expression across a population of cells.
To establish that quantitative RT-PCR itself provides an accurate measure of the miRNA copy number, synthetic miRNA was exposed to the same isolation and Figure 3 . Fluorescent images of individual miRNAs in single mammalian cells. MDA-MB-231 human breast cancer cells were stained with an LNA probe for miR-15a followed by ELF signal amplification. IPLab acquisition software was used to acquire 3D images of individual cells. After 3D deconvolution of the images, a 2D image was constructed using a maximum-intensity merged image. Representative images illustrating the sensitivity and the dynamic range of the LNA-ELF-FISH approach are shown. The total number of miRNAs identified in each cell is shown in the lower right corner of each panel. The number of miRNA in the cell on the lower right could not be counted directly, due to the inability to distinguish individual fluorescent spots. Scale bar, 5 mm. Figure 2 . Quantitative analysis of mRNA copy number in single cells as determined by MP-FISH and LNA-ELF-FISH. Luciferase-MS2 transcripts were fluorescently labeled in HeLa cells by performing MP-FISH and LNA-ELF-FISH, simultaneously. IPLab acquisition software was used to acquire 3D images of both the MP signal (i.e. Cy3) and the ELF signal in 72 randomly selected cells. After 3D deconvolution of the images in IPLab using AutoQuant plug-in software, a 2D image was constructed using a maximum-intensity merged image. The total number of isolated signals was then counted in ImageJ using the particle analysis counter program. The marginal histograms show the distributions of mRNA copy numbers across the population of selected cells as determined by MP-FISH (bottom) and LNA-ELF-FISH (left), respectively. 1  204  188  41  25  163  80/87  2  139  127  36  24  103  74/81  3  46  33  13  0  33  71/100  4  244  216  48  20  196  80/91  5  133  123  38  28  95  71/77  6  96  95  12  11  84  88/88  Total  862  782  188  108  674  78/86 amplification procedures as endogenous RNA prior to quantification by RT-PCR. This value was then compared with the amount of starting material. It was found that >88% of the miRNAs could be recovered and detected, suggesting that the quantitative RT-PCR measurements were indeed reflective of the true miRNA copy number; although it should be noted that this control experiment does not account for the effect of cell lysis or interference from cellular biomolecules on the efficiency of miRNA isolation. While LNA-ELF-FISH measurements of miRNA copy number agreed well with quantitative RT-PCR, one concern was that many of the bright fluorescent spots, which presumably corresponded to miRNA, were actually artifacts of nonspecific LNA or antibody binding. To directly assess whether LNA-ELF-FISH suffered from an abundance of non-specific interactions, we performed two control experiments. The first control experiment simply involved performing LNA-ELF-FISH with a scrambled LNA probe. In general, when a scrambled LNA probe was used we never observed more than one to two bright fluorescent spots per cell and most cells did not contain any bright fluorescent spots (data not shown). These findings suggest that there is essentially no nonspecific or off-target binding. In a second control experiment, competitive inhibition studies were performed. Specifically, LNA-ELF-FISH was conducted using an equal concentration of dig-labeled LNA probe and unlabeled LNA probe, where both probes were designed to target the same miRNA sequence. It was hypothesized that if LNA binding were specific, a 50:50 mixture of labeled and unlabeled probes would lead to a $50% reduction in miRNA copy number (i.e. number of bright fluorescent spots) since both probes would be competing for the same binding site. Conversely, if binding of the LNA probes were nonspecific, binding of the unlabeled probe would not prevent binding of the labeled probe and the miRNA copy number would remain unchanged. Histograms showing the per cell distribution of miR-15a in MDA-MB-231 cells and miR-155 in MCF-7 cells, with and without inhibitor, are provided in Figure 5 . The presence of the unlabeled LNA probe reduced the mean miRNA copy number from 398 AE 32 (SE) to 236 AE 25 (SE) in MDA-MB-231 cells and from 1209 AE 167 (SE) to 562 AE 35 (SE) in MCF-7 cells. The approximate 50% reduction in mean miRNA copy number, when equal concentrations of labeled and unlabeled LNA probes were used, suggests that nonspecific binding of LNA probes did not have a significant impact on LNA-ELF-FISH measurements.
Recently, it has been reported that a substantial amount of miRNA could be lost during in situ hybridization procedures when conventional formaldehyde fixation is performed (30) . It was suggested that an additional fixation step with EDC should be conducted to minimize this loss. EDC immobilizes the miRNA by reacting with the 5 0 -phosphate and coupling it to amino groups in the protein matrix to form stable linkages. To determine the impact of EDC fixation on miRNA quantification, Figure 5 . The addition of EDC increased the mean miRNA copy number from 398 AE 32 (SE) to 402 AE 41 (SE) in MDA-MB-231 cells and from 1209 AE 167 (SE) to 1394 AE 208 (SE) in MCF-7 cells. The marginal increase in miRNA copy number suggests that there was not a significant loss in miRNA in the absence of EDC fixation; however, this could be highly dependent on the experimental parameters, such as sample type (cell culture versus tissue) and the specific miRNA target. Therefore, it is recommended that EDC be used as a precautionary measure.
To highlight the advantages of LNA-ELF-FISH over conventional in situ hybridization techniques, LNA-FISH experiments were also carried out utilizing (i) Texas red-labeled secondary antibodies, (ii) dig-labeled LNA probes combined with Cy5-labeled anti-dig antibodies and (iii) quantum dot labeled secondary antibodies. Although it was found that these approaches could report on the relative level of miRNA expression, the sensitivity was dramatically lower than LNA-ELF-FISH and images often exhibited a high background due to autofluorescence ( Figure 6 ). When quantum dots were applied there was also a loss of specificity, due to a high degree of nonspecific binding.
DISCUSSION
Here we described a highly sensitive and specific method for miRNA detection at the single molecule level in individual cells. Specifically, by combining LNA hybridization probes with ELF signal amplification, single miRNAs could be visualized and counted to yield quantitative information on miRNA expression. The dynamic range of this approach spanned more than three orders of magnitude (i.e. 1 to $1000 miRNAs per cell) directly and through the construction of standardization curves could also yield quantitative measurements on cells with higher miRNA copy numbers. Comparisons with MP-FISH on mRNA also revealed that spatial information was retained with LNA-ELF-FISH. Although MP-FISH techniques have previously been reported for the single molecule detection of mRNA, this is the first technique that allows miRNA to be quantified in single cells. Overall, LNA-ELF-FISH is extremely simple and yields reproducible data. Further, in contrast to RT-PCR, no cell lysis, miRNA purification or sample enrichment steps are required and spatial information is retained.
Although the short length of miRNAs prevents MP-FISH approaches from being used for the visualization and quantification of miRNA, we have shown that LNA-ELF-FISH can be applied to both miRNA and mRNA. When used for mRNA detection this approach offers both advantages and disadvantages compared with MP-FISH. One important advantage is the need for only a Figure 5 . Cell-to-cell variation and mean miRNA copy number in cells exposed to various LNA-ELF-FISH conditions. Histograms showing the distribution of (a) miR-15a copy number in MDA-MB-231 cells and (b) miR-155 copy number in MCF-7 cells were plotted following the implementation of several different LNA-ELF-FISH protocols. Specifically, LNA-ELF-FISH was performed using either conventional formaldehyde fixation (red curves) or formalydehyde fixation followed by EDC fixation (green curves). In addition, competitive inhibition studies were performed by incubating formaldehyde-fixed cells with an equal concentration (10 nM) of dig-labeled LNA probe and unlabeled LNA probe (blue curves). The effect of EDC fixation and competitive inhibition on the average number of (c) miR-15a copies in MDA-MB-231 cells and (d) miR-155 copies in MCF-7 cells are shown.
single hybridization probe. This provides a large savings in cost and eliminates the need to identify a large number of probes with similar melting temperatures. Additional advantages of LNA-ELF-FISH include the long stokes shift and high photostability of the fluorescent precipitate. The long stokes shift results in low autofluorescence and the high photostability allows for repeated imaging. Moreover, the fluorescent precipitate is extremely bright and thus only short exposure times are needed (i.e. $10 ms). In contrast, MP-FISH utilizes commercial fluorophores and thus the fluorescent signal was highly susceptible to photobleaching and was much fainter than the ELF signal, often requiring exposure times in excess of 1 s. Surprisingly, even when labeling single mRNA transcripts with 48 fluorescent labels it was still often difficult to differentiate single fluorescent spots from autofluorescence. Of course, image contrast could be improved if a larger number of probes are utilized (28) .
Despite the disadvantages of MP-FISH with regard to sensitivity, if enough probes are used to yield high image contrast, this method is likely to offer improved specificity compared with LNA-ELF-FISH. Specifically, since the co-localization of many fluorescent probes is necessary to generate a detectable fluorescent spot, it is unlikely that this would occur by any means other than the specific accumulation of multiple hybridization probes to target mRNA. Alternatively, in a situation where only a fraction of the hybridization probes were bound the target mRNA, it would still be possible to detect the mRNA. In contrast, the reliance of LNA-ELF-FISH on the hybridization of a single LNA probe means that nonspecific binding would result in a false-positive detection and inefficient hybridization would result in an underestimate of target mRNA.
Therefore, it becomes extremely important to optimize the experimental conditions by comparing the average copy number per cell to quantitative RT-PCR measurements. It should be noted that MP-FISH also offers the advantage of multiplexing. The ability to select optically distinct fluorophores can allow multiple mRNA targets to be visualized simultaneously. Conversely, the current availability of only a single ELF substrate limits this approach to imaging only a single RNA per cell sample.
Although MP-FISH and LNA-ELF-FISH both offer their unique advantages in regards to imaging mRNA and miRNA, perhaps these approaches would be the most useful when used in unison. We envision that the ability to visualize the interplay between miRNA expression and the expression of target mRNAs with high spatial resolution could provide important insight into miRNA function and control. As a result, this may help us understand how miRNAs influence central signaling pathways and cell cycle control. (a) miRNA FISH was performed using either Texas redlabeled secondary antibodies (left two columns) or dig-labeled LNA probes followed by ELF amplification (right two columns). FISH experiments were performed in both HeLa cells and MCF-7 cells. (b) miRNA FISH was also performed using dig-labeled LNA probes combined with Cy5-labeled anti-dig antibodies and quantum dot labeled secondary antibodies. LNA-ELF-FISH was the only technique that allowed individual miRNAs to be readily visualized.
